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FliS chaperoneFlagella, the locomotion organelles of bacteria, extend from the cytoplasm to the cell exterior. External
ﬂagellar proteins are synthesized in the cytoplasm and exported by the ﬂagellar type III secretion system.
Soluble components of the ﬂagellar export apparatus, FliI, FliH, and FliJ, have been implicated to carry late export
substrates in complex with their cognate chaperones from the cytoplasm to the export gate. The importance of
the soluble components in the delivery of the threeminor late substrates FlgK, FlgL (hook–ﬁlament junction) and
FliD (ﬁlament-cap) has been convincingly demonstrated, but their role in the transport of the major ﬁlament
component ﬂagellin (FliC) is still unclear.
We have used continuous ATPase activity measurements and quartz crystal microbalance (QCM) studies to
characterize interactions between the soluble export components andﬂagellin or the FliC:FliS substrate–chaperone
complex. As controls, interactions between soluble export component pairs were characterized providing
Kd values. FliC or FliC:FliS did not inﬂuence the ATPase activity of FliI alone or in complex with FliH and/or FliJ
suggesting lack of interaction in solution. Immobilized FliI, FliH, or FliJ did not interact with FliC or FliC:FliS
detected by QCM. The lack of interaction in the ﬂuid phase between FliC or FliC:FliS and the soluble export
components, in particular with the ATPase FliI, suggests that cells use different mechanisms for the export of
late minor substrates, and the major substrate, FliC. It seems that the abundantly produced ﬂagellin does not
require the assistance of the soluble export components to efﬁciently reach the export gate.
© 2014 Elsevier B.V. All rights reserved.1. Introduction
Flagella are the locomotion organelles of bacteria. The ﬂagellum
consists of three major parts: the basal body (including the rod), the
hook, and the ﬁlament. Assembly of the ﬂagellum requires the coordi-
nated expression and transport of about 20 structural components,
and numerous other proteins play a role in the regulation of the assem-
bly process [1–3]. Outer components of the ﬂagellum starting with
the rod proteins are transported to the assembly site by a specializedﬂagellar export apparatus; FliH
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.type III export apparatus [4], which is related to the type III secretion
system (T3SS) for virulence factors of certain pathogenic bacteria [5].
The ﬂagellar T3SS of Salmonella enterica serotype typhimurium
(S. typhimurium) is composed of six membrane proteins (FlhA, FlhB,
FliO, FliP, FliQ, FliR) forming the export gate, which is found within the
MS ring of the basal body [4,6]. Three additional proteins FliI, FliH, and
FliJ constitute the soluble components of the export apparatus. Export
substrates are thought to be delivered from the cytosol to the export
gate by the soluble components [3,7], which also play a role in recycling
of export chaperones [8].
FliI is anATPase thatwas shown to be related to theα andβ subunits
of the F0F1 ATP synthase by sequence similarity [9]. The structure of FliI
conﬁrmed the homology [10], and based on biochemical and electron
microscopic data the functional formof FliI seems to be a homohexamer
[11–13] analogous to theα3β3 hexamer ring of the F1 ATPase. For a long
time it waswidely believed that FliI provides the energy for the ﬂagellar
export system [9,14,15]. This assumption was further supported by
mutations at the nucleotide-binding site that markedly reduce the
ATPase activity of FliI and motility of the cells [14,16]. Later it turned
out that the proton motive force (PMF) is the driving force of the
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lutely essential for export although their absence results in a highly
paralyzed ﬁlament formation [19].
FliH also shows sequence similarity to F0F1 ATP synthase subunits,
namely to the b and δ subunits [20]. Originally FliH was thought to be
the regulator of FliI, because it reduces its ATPase activity potentially
preventing futile ATPase hydrolysis in the cytosol [15]. However, null
mutation of FliH can be substantially bypassed by overexpressing FliI
or certain FlhA or FlhB mutations [21], and now it seems likely that
FliH is primarily required for anchoring the FliI hexamer to the export
gate [1]. Interestingly overexpression of FliH in otherwise wild-type
cells also reducesmotility [22], which can be explained by the excessive
formation of a FliI:FliH2 heterotrimer [15] preventing FliI hexamerization.
In all, FliI and FliH are both required for efﬁcient export, and they also
must be expressed in a proper ratio.
Originally FliJ was thought to function as a general chaperone [23]. A
recent structuralwork established that it is homologous to theγ subunit
of the F0F1 ATP synthase [13] and probably functions as an integral
component of the FliI–FliJ–FliH ATPase complex. FliJ is essential for
efﬁcient ﬂagellar export, lack of FliJ results in a leaky motile phenotype
[23]. Similarly to FliH, overexpression of FliJ in otherwisewild-type cells
also reduces motility [22] possibly because it may form 1:1 complexes
with FliI when too much FliJ is present [13] preventing the formation
of the functional FliI hexamer ring.
The soluble components (FliI, FliH, FliJ) were identiﬁed to preferen-
tially associate withmembranes [8,11,24]. FliI interacts in vitro strongly
with acidic phospholipids, which in turn promote hexamerization and in-
crease theATPase activity of FliI [11,24]. However, on electronmicroscopic
images the FliI hexameric ring structure seems to be located under a
(likely nonameric) ring formed by the cytoplasmic domains (FlhAC) of
FlhA molecules [25,26] further from the inner membrane. FliI, FliJ, and
FliH were all shown to interact with FlhAC [1] and FliH also binds to
the C-ring protein FliN [27] that is thought to play an important role
in the localization of the ATPase complex.
FliJ was also shown to have a moonlighting role to cycle export
chaperones FlgN (chaperone for hook–ﬁlament junction proteins FlgK
and FlgL) and FliT (chaperone for ﬁlament cap protein FliD), but not
FliS, the chaperone of the major ﬁlament protein, FliC (ﬂagellin) [8].
FliS binds to the disordered C-terminal part of FliC [28], while the N-
terminal disordered segment of FliC carries the export signal of ﬂagellin
[29,30].
FliI (alone or in complex with FliH) was shown to interact with
FlgN–FlgK and FlgN–FlgL chaperone–substrate complexes in solu-
tion [7], and FliT or the FliT:FliD complex was shown to bind FliI
[31]. These observations led to the idea that export substrates are
escorted from the cytoplasm to the export gate by the soluble export
components. This mechanism seems to be justiﬁed for the minor late
substrates FlgK, FlgL (hook–ﬁlament junction) and FliD (ﬁlament-cap),
but in the case of themajor ﬁlament component ﬂagellin (FliC) data are
contradictory [15,22,32]. An earlier report showed that FliC interacts
with FliI and increases its ATPase activity [32], suggesting a role for
the FliI–FliC interaction in the export process. Others could not repro-
duce this ATPase activity enhancement by FliC in the presence or
absence of FliH [15] and suggested that other components (e.g. FliJ)
might be required. Afﬁnity blots showed that FliC interacts with the
soluble export components, FliI, FliH, and FliJ [22], but these interactions
were not conﬁrmed byother,more reliablemethods. In all, it is assumed
that the soluble export components deliver substrate–chaperone com-
plexes of late substrates from the cytoplasm to the export gate, however
this assumption was convincingly demonstrated only for the three
minor late substrates FlgK, FlgL (hook–ﬁlament junction) and FliD
(ﬁlament-cap). Fig. 1 summarizes the current view of substrate delivery.
In this study our aim was to clarify the role of the soluble compo-
nents of the ﬂagellar export apparatus in the recognition and delivery
of the major export substrate, ﬂagellin. We used a continuous ATPase
activity assay to detect changes in FliI activity in the presence or absenceof the other two components, FliH and FliJ, upon the addition of FliC or
the FliC:FliS complex. To detect physical interaction, regardless of the
activity change, quartz crystal microbalance (QCM) measurements
were carried out. No interaction was detected between FliC or the
FliC:FliS complex and the soluble components in solution by any of
the applied methods. We came to the conclusion that, in contrast to
minor late export substrates where such mechanism was convincingly
demonstrated, the soluble components of the ﬂagellar export system
do not deliver ﬂagellin from the cytoplasm to the export gate.
2. Materials and methods
2.1. Genes and strains
The genes encoding N-terminally His6-tagged FliJ, FliH and FliS were
produced by PCR ampliﬁcation using genomic DNA from the wild-type
S. typhimurium strain SJW1103 [33]. The genomic DNA was puriﬁed
using the NucleoSpin Tissue DNA isolation kit (Macherey-Nagel GmbH).
The ampliﬁed DNA fragments were cloned into the pET17b vector
(Novagen-Merck) between the NdeI and HindIII sites for FliJ and FliH,
and the NdeI and XhoI sites for FliS. The gene encoding FliI was also
ampliﬁed from genomic DNA and cloned into the pET19b vector
(Novagen-Merck) between the NdeI and BamHI sites. The ﬁnal FliI
construct encodes a vector derived tag including a His10 sequence.
All PCR primers are listed in Table 1. Finally the plasmids were trans-
formed into Escherichia coli BL21(DE3)pLysS (Novagen-Merck) cells
for expression.
2.2. Protein expression and puriﬁcation
FliC was puriﬁed as previously described [34] with some modiﬁca-
tions as follows. 3 × 100 mL of S. typhimurium SJW1103 culture was
grown for 8 h at 37 °C and 250 rpm in 3% YE (yeast extract solution)
medium. 3 × 1 L of 5% YEmedium in 3-liter Erlenmeyer ﬂaskswas inoc-
ulated with the 100 mL cultures and 0.015% (ﬁnal concentration) anti-
foam A (Sigma) was added. The cultures were grown for 16 h at 37 °C
and 80 rpm with aeration using a sparger. 2% PEG-6000 and 1% NaCl
(ﬁnal concentrations) were added to the cultures in order to aggregate
detached ﬂagella, then theywere shaken for an additional hour at 37 °C
without aeration. The cells were collected by centrifugation at 6 °C,
30 min, 4400 g, then the pellet was resuspended in 30 mL 20 mM Tris,
150 mM NaCl, pH = 7.8. Flagella were detached by shearing the cells
using a blender with continuous cooling on ice, then the cells were
removed by centrifugation at 6 °C, 30 min, 10,000 g. Flagella were
collected by centrifuging the supernatant at 10 °C, 60 min, 178,000 g
(40,000 rpm, T-647.5 rotor, Thermo Scientiﬁc). The pellet was washed
with 5 mL 20 mM Tris, 150 mM NaCl, pH = 7.8, then resuspended in
5 mL 20 mM Tris, pH = 7.8 buffer containing a Complete ULTRA mini
EDTA-free protease inhibitor cocktail tablet (Roche). Flagella were
monomerized by heat treatment at 65 °C for 10 min. The aggregates
were removed by centrifugation at 4 °C, 30 min, 340,000 g (70,000 rpm,
MLA-80 rotor, Beckman). Flagellin was puriﬁed by polymerization by
adding (NH4)2SO4 to a ﬁnal concentration of 0.8 M, then washed twice
with 3mL buffer containing 20mMTris, 150mMNaCl, pH=7.8. The ﬂa-
gellin ﬁlaments were resuspended in 3 mL buffer containing 20 mM Tris,
1 mM EDTA, pH = 7.8, monomerized again, then puriﬁed by anion-
exchange chromatography in the same buffer using a linear gradient of
50–150mMNaCl. Fractions containing FliCwere combined, thendialyzed
overnight against a buffer containing 20 mM Tris, 50 mM NaCl, 1 mM
EDTA, pH= 7.8.
FliI, FliJ, FliH, FliS were grown in LB medium until they reached
OD600 = 0.6, and subsequently induced with 0.4 mM (ﬁnal) IPTG.
After induction the cells were grown overnight at 25 °C, 180 rpm. The
cells were harvested by centrifugation and disrupted by ultrasonic
treatment. In the case of FliI, FliJ, and FliH the soluble fraction contained
the protein of interest, while FliS formed inclusion bodies.
Fig. 1. Putativemechanism of substrate delivery and a hypothetical model for the ﬂagellar type III export apparatus. The export apparatus is found within the C-ring of the basal body. The
FliI:FliH2 complex is thought to deliver chaperoned late substrates from the cytoplasm to the export gate, which is composed of membrane embedded proteins FlhA, FlhB, FliO, FliP, FliQ,
and FliR. FlhA probably forms a nonameric ring [26], part of which is depicted here. FliH docks the FliI hexamer below this ring, but the FliH docking site (shown in red and striped red) is
uncertain [1,26]. Involvement of the soluble components (FliI, FliH, and FliJ) of the ﬂagellar export apparatus has been demonstrated for the delivery of minor late substrates. Whether or
not the major substrate, ﬂagellin, is also escorted to the export gate by the same mechanism remains to be seen.
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(GEHealthcare) in solutions containing 500mMNaCl using a linear gra-
dient of 30–500 mM imidazole (pH = 7.5). Fractions containing FliI
were combined, then dialyzed overnight against a buffer containing
20 mM Tris, 200 mM NaCl, 1 mM EDTA, pH = 7.8.
FliHwaspuriﬁed using aNi-NTASuperﬂow column (Qiagen) in solu-
tions containing 500 mM NaCl using a linear gradient of 10–500 mM
imidazole (pH = 7.5). Fractions containing FliH were combined and
dialyzed overnight against a buffer containing 20 mM Tris, 20 mM NaCl,
1 mM EDTA, pH = 7.5. The dialyzed fractions were loaded onto a
Source 30Q column (GE Healthcare) and the bound FliH was eluted by
a linear gradient of 200–600 mM NaCl in 20 mM Tris and 1 mM EDTA,Table 1
Primers used for cloning of S. typhimurium genes.
Gene Direction
FliJ Forward
Reverse
FliH Forward
Reverse
FliS Forward
Reverse
FliI Forward
Reverse
The restriction sites used for cloning, NdeI (CATATG), HindIII (AAGCTT), andXhoI (CATATG) are
is bold. For the FliI construct the start codon and His10-tag are encoded by the vector.pH= 7.5 buffer, and the fractions containing FliH were combined. The
protein eluted at approx. 400 mM NaCl (in 20 mM Tris, 1 mM EDTA,
pH = 7.5).
FliJ was puriﬁed using a Ni-NTA Superﬂow column as FliH. Fractions
containing FliJ were combined and dialyzed against a buffer containing
50 mM NaCl, 10 mM Na-phosphate, 0.5 mM EDTA, pH = 7.0, then
loaded onto a Source15S column (GE Healthcare). The bound protein
was eluted using a 50–500mMNaCl gradient, and the fractions contain-
ing FliJ were combined. The protein eluted at approx. 250 mM NaCl
(in 10 mM Na-phosphate, 0.5 mM EDTA, pH = 7.0).
FliS inclusion bodies were washed three times with 50 mM Tris,
1 mM EDTA, 0.5% TritonX-100, pH=8.0, then dissolved overnight atSequence
5′_gcgcgcCATATGcatcaccaccaccatcacgcacaacatggcgctctgg_3′
5′_gcgcggcAAGCTTtcattcgggtttcctcattgctgc_3′
5′_gcgcgcgcCATATGcatcaccaccaccatcactctaatgaattgccgtgcaag_3′
5′_ggaaggAAGCTTtcagagcactcccggcgccg_3′
5′_gcgcgcCATATGcatcaccaccaccatcactacaccgcgagcggtatc_3′
5′_cccggaCTCGAGttaacgagactcctggaaagatgc_3′
5′_acatCATATGaccacgcgcctgac_3′
5′_acatCTCGAGtcacaccgtcggga_3′
in capital letters, the start and stop codons are underlined, while theHis6-tag coding region
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The solubilized protein was loaded onto a Ni-NTA Superﬂow (Qiagen)
column and eluted by a linear gradient of 10–250 mM imidazole, pH=
7.5, in 6 M guanidine-hydrochloride, and fractions containing FliS were
combined. FliS was refolded by overnight dialyzation at 4 °C in a buffer
containing 20 mM Tris, 1 mM EDTA, 200 mM NaCl, pH = 7.5. FliS was
further puriﬁed on a Superose 12 gel ﬁltration column (GE Healthcare)
in a buffer containing 20mMTris, 400mMNaCl, 1mMEDTA, pH=8.0,
and 20% glycerol (to prevent aggregation).
The protein puritieswere checkedby SDS-PAGE (12.5% Laemmli gels),
and the oligomeric status was checked by native PAGE using either 7.5%
or 10% gels without SDS or 4–15% Mini Protean TGX (BioRad) gradient
gels in combination with 25 mM Tris, 192 mM glycine, pH = 8.3 as
running buffer. All puriﬁed proteins were concentrated on 3-kDa-cutoff
spin-concentrators, then stored frozen in aliquots.
2.3. ATPase activity measurements
ATPase activity measurements were carried out using a continuous
NADH-coupled spectrophotometric assay based on the method of
Kiianitsa et al. [35]. FliI (0.4–1 μM) in the presence or absence of
other components (FliC, FliJ, FliH, FliS, as indicated in the Results)
was preincubated at 30 °C for 5 minutes in a buffer containing 25 mM
HEPES pH = 8.0, 20 mM MgCl2, 0.1 mg/mL BSA, 2 mM DTT, 200 μM
NADH (Boehringer Mannheim), 1 mM phosphoenolpyruvate (Sigma),
20 U/mL pyruvate kinase (Sigma), and 40 μg/mL lactate dehydrogenase
(BoehringerMannheim). The reactionswere initialized by adding 5mM
(ﬁnal) ATP (Sigma). The rate of ATP hydrolysis was monitored by the
decrease of NADH absorbance at 340 nm, 30 °C.
In the presence of phospholipids (PL) the above described protocol
was slightly modiﬁed. E. coli polar lipid extract (Avanti Polar Lipids)
was dissolved in chloroform, dried, then resuspended in 25 mM
HEPES pH = 8.0 to a 1 mg/mL stock concentration. The suspension
was sonicated in a water bath to form liposomes. Phospholipids were
added to the reactions in a 10 μg/mL ﬁnal concentration. BSA and MgCl2
were omitted from the buffer, as BSA and Mg2+ caused precipitation of
the phospholipids. As Mg2+ is necessary for ATPases, the reaction was
initialized by adding 5 mM Mg2+-ATP to the reaction. In this case the
addition of Mg2+-ATP did not cause any precipitation.
2.4. Quartz crystal microbalance (QCM) measurements
QCM directly measures the mass of a compound bound to the
sensor, because the mass increase affects the frequency of an oscillating
quartz crystal. Using this method a mass difference down to the sub-ng
range can theoretically be detected [36]. When a protein is immobilized
on a quartz crystal sensor chip, and a ligand is injected onto the surface,
its association and dissociation are monitored continuously resulting in a
frequency change versus time curve, from which the rate constants can
be calculated. QCM measurements were performed in an Attana A100
instrument. Biotinylated FliI, FliH and FliJ were prepared by incubating
the proteins for 2 h, 25 °C with biotinamidohexanoyl-6-aminohexanoic
acid N-hydroxysuccinimide ester (Sigma) in 5-fold molar excess, then
the unbound biotin was removed by excessive dialyzation against
HBS-T buffer (10 mM HEPES, 150 mM NaCl, 0.5 mM EDTA, 0.005%
Tween-20, pH= 7.5). Biotinylated proteins were immobilized through
neutravidin cross-linking on the surface of a biotin coated sensor chip
(Attana) according to the manufacturer's instructions in HBS-T buffer.
FliI, FliJ, FliH, FliC, FliC:FliS complex and ovalbumin (as negative control)
were dialyzed in HBS-T. Equal volumes of the ligands were injected
onto the protein coated sensor surfaces. Association and dissociation
of the ligands were monitored at a ﬂow rate of 25 μL/min at 20 °C.
Regeneration of the surface was achieved by injecting 40 μL2 M KCl
and 50 mM NaOH. The kinetic parameters were derived from the
obtained data using BIAevaluation software 4.1 (GEHealthcare). Associ-
ation anddissociation datawereﬁtted simultaneously to a 1:1 Langmuirbindingmodel for FliH on the FliI chip,whereas in all other combinations
the two-state reaction (conformational change) model was used where
binding was observed. This model describes a 1:1 binding of analyte to
immobilized ligand followed by a conformational change in the com-
plex. Apparent Kd valueswere calculated as koff/kon for the 1:1 Langmuir
binding, and1 / (kon/koff × (1+kon2/koff2)) for the two-state (conforma-
tional change) model [37].
3. Results
3.1. Proteins and their interactions detected by native PAGE
Soluble components of the ﬂagellar export apparatus (FliI, FliJ, and
FliH) and the ﬂagellin speciﬁc chaperone (FliS) were expressed as
N-terminally His-tagged proteins in E. coli and puriﬁed as described
in Materials and methods. His-tagged versions of the soluble compo-
nents were previously shown to be fully functional in complementa-
tion tests using the appropriate deletion variants of S. typhimurium
[14,22], while His-tagged FliS was shown to be functional, as it
binds to the C-terminus of its partner FliC [38]. FliC was produced
as a native protein and it was used in themonomeric form in our assays.
Oligomeric status and interactions between the components were
checked by native PAGE. FliI for example was mostly monomeric, but
oligomers could be nicely observed on dilute gradient gels (Fig. 2A).
The FliI–FliH interaction is detectable by native gel electrophoresis
[15], and our native PAGE experiments (data not shown) conﬁrmed
this observation, however weaker interactions, like the one between
FliI and FliJ, are not detectable by this method (data not shown). We
could not detect any interaction between FliI and FliC (Fig. 2A), but
because of the abovementioned limitations more sensitive techniques
were applied as follows.
3.2. FliC or the FliC:FliS complex do not interact with FliI
In order to clarify the role of the soluble components of the ﬂagellar
export apparatus in the recognition of themajor export substrateﬂagellin,
ﬁrst we tested the effect of FliC on the ATPase activity of FliI by a contin-
uous NADH-coupled spectrophotometric assay [35]. Adding up to 30 μM
FliC to 1 μM FliI has not shown any signiﬁcant effect on the ATPase
activity of FliI (Fig. 2B). This result is in contrast with a previous study
by Silva-Herzog and Dreyfus [32].
FliS acts as the substrate speciﬁc chaperone of FliC [39,40]. We found
that FliS is stable in up to 5 μM concentration in the buffer used for the
NADH-coupled ATPase activity measurements. In the next experiment
we added the FliC:FliS complex (5 μM ﬁnal) to FliI in order to determine
whether the presence of FliS is required for export substrate recognition.
Under these conditions over 90% of FliC and FliS are complexed based on
the Kd value determined earlier [41]. We found that the ATPase activity
of FliI in the presence or in the absence of FliC:FliS complex showed no
signiﬁcant difference (Fig. 2C). Binding of a protein to FliI does not
necessarily inﬂuence its ATPase activity as it was demonstrated earlier
[31]. Therefore, we carried out QCMand isothermal titration calorimetry
(ITC) measurements, which allow us to detect protein–protein binding
regardless of the activity change. When tested by ITC we could not
detect any interaction between FliI and FliC (data not shown). QCM
measurements also conﬁrmed the lack of interaction between FliC or
FliC:FliS with FliI (Fig. 3A) as described in the next section.
3.3. QCM results indicate lack of interaction between FliC and individual
soluble export components
In order to determine if there is a physical interaction between
FliI and FliC, or FliI and the FliC:FliS complex, regardless of the ATPase
activity, we immobilized FliI on the surface of a biotin-coated sensor
chip throughneutravidin cross-linking. FliC or the FliC:FliS complexwas
injected onto the FliI-coated surface. The association and dissociation
Fig. 2. Lack of interaction of FliI with FliC or FliC:FliS complex. (A) Native (non-denaturing) PAGE of oligomeric FliI and FliI–FliCmixtures. Left: 8 μg of FliI was run on a 4–15%Mini Protean
TGX precast gel. Right: the intensity of the FliC band does not change upon the addition of various amounts of FliI. Samples were run on a 10% gel. (B) ATPase activity of FliI alone or in the
presence of FliC. Adding FliC to FliI does not signiﬁcantly affect its ATPase activity. (C) The ATPase activity of FliI alone or in the presence of the FliC:FliS complex. The FliC:FliS complex does
not inﬂuence the ATPase activity of FliI. All activity measurements were carried out using a continuous NADH-coupled spectrophotometric assay as described in Materials and methods.
Protein concentrations are indicated on the panels. The panels depict representative curves of at least 3 parallel measurements, which applies to all subsequent ﬁgures. The rate of ATP
hydrolysis was monitored by the decrease of NADH absorbance at 340 nm.
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comparable to the one obtained for the negative control, ovalbumin
(Fig. 3A). These results indicate that FliI by itself does not interact
with chaperoned or unchaperoned ﬂagellin. As positive controls FliJ or
FliH was injected onto the FliI-coated chip, since both proteins are
known to interact with FliI [13,15]. Both proteins gave large signals
indicative of binding to FliI (Fig. 3A) and allowing us to determine the
kinetic parameters of association and dissociation, as well as the Kd
values (Table 2). A Kd of 274 ± 108 nM was determined for the FliI–FliJ
interaction, which is comparable with the EC50 value determined with
ﬂuid phase activity measurement (see later). The FliI–FliH interaction
was measured in two different buffers. In a buffer containing 150 mM
NaCl (detailed in Materials and methods) the Kd was 309 ± 128 nM,
which was surprisingly somewhat higher than the one for FliJ. On
the other hand in a buffer composed of 20 mM Tris, 400 mM NaCl,
pH = 7.5 the interaction was stronger resulting in a Kd of 108 ± 29 nM.
Both values were calculated assuming that FliH is dimeric.
We also prepared FliJ-coated and FliH-coated sensor chips. FliI,
FliH, FliC, FliC:FliS, or ovalbumin was injected onto the surface with
immobilized FliJ. In accordance with the FliI chip results and the
ATPase activity measurements, FliI showed binding to FliJ, however
the apparent Kd was higher than the other way round. On the other
hand FliC, the FliC:FliS complex and ovalbumin did not bind to FliJ
(Fig. 3B). Curiously the FliJ–FliH interaction [42] was not detectable on
the FliJ chip possibly because of steric reasons. FliI, FliJ, FliC, FliC:FliS,
or ovalbumin was injected onto the FliH-coated sensor chip. FliC, the
FliC:FliS complex and ovalbumin did not show signiﬁcant binding,
while FliI (as expected) gave a large signal (Fig. 3C). In this instancethe FliJ–FliH interaction was also detectable giving a moderate signal.
The calculated Kd values along with the kon and koff rates are listed in
Table 2. Overall, the QCM measurements suggest, that FliC or the FliC:
FliS complex do not interact with individual soluble components of
the export apparatus.
3.4. FliC or FliC:FliS do not interact with FliI in the presence of FliJ and/or
FliH
It is known that proper functioning of FliI requires complex forma-
tion with FliH and FliJ. Our results show that individual components of
the FliI–FliJ–FliH ATPase complex do not interact with chaperoned or
unchaperoned FliC. In the following experimentswe attempted to grad-
ually reconstitute the ATPase complex and check whether FliC or FliC:
FliS has an impact on its activity.
First we added FliJ to FliI and demonstrated that increasing concentra-
tions of FliJ increased the activity of FliI until it reached a plateau of
approximately 0.275 min−1 (equivalent to 1.67 nmol ADP min−1 per μg
FliI) (Fig. 4A–B). Similar results were obtained by others [8,13]. From
the FliI–FliJ activity slopes an EC50 of 253 ± 33 nM was determined,
which is in good agreement with the Kd value obtained on the FliI chip
by QCM (Table 2). From these measurements it is not possible to deter-
mine the binding stoichiometry, but it is plausible to assume that at
high FliJ to FliI ratio 1:1 complexes are dominant, while at low FliJ to FliI
ratio FliJ promotes FliI hexamerization, as discussed by Ibuki et al. [13].
To investigate if there is an effect of FliC or FliC:FliS on the FliI–FliJ
complex, we measured the activity of the FliI–FliJ complex in the pres-
ence of FliC or FliC:FliS. It is plausible to assume that in the functional
Fig. 3.Binding of ﬂagellar components to immobilized FliI, FliJ, or FliH detected by QCM. Biotinylated FliI, FliJ and FliH were prepared as described in Materials and methods. They
were immobilized on the surface of biotinylated chips through neutravidin cross-linking. Equal volumes (40 μL) of the analytes were injected onto the protein-coated sensor
surfaces. Representative measurements showing the association–dissociation curves are presented. (A) 9.9 μM FliJ, 7.1 μM FliH2 (assumed to be dimeric), 13 μM FliC, 6 μM FliC:FliS, or
13 μM ovalbumin (as negative control) were injected onto the surface covered with immobilized FliI. Binding was observed for FliH and FliJ, while FliC, FliC:FliS and ovalbumin did not
bind to FliI. (B) 10 μM FliI, 3.55 μM FliH2, 13 μM FliC, 5.8 μM FliC:FliS, or 13 μM ovalbumin was injected onto the surface covered with immobilized FliJ. FliI bound to immobilized FliJ,
while FliC, FliC:FliS and ovalbumin did not. The FliJ–FliH interactionwas not detectable on this chip. (C) 8 μMFliI, 4.6 μMFliJ, 13 μMFliC, 5.8 μMFliC:FliS, or 13 μMovalbumin was injected
onto the surface covered with immobilized FliH. FliI bound to immobilized FliH, while FliC, FliC:FliS and ovalbumin did not. The FliJ–FliH interaction was detectable on this surface.
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we mixed 1 μM FliI and 0.16 μM FliJ. We found that 5 μM FliC or
5 μM FliC:FliS did not inﬂuence the ATPase activity of FliI–FliJ complex
(Fig. 4C).We used 5 μMFliC:FliS because FliS or its complex precipitates
at N5 μM during the ATPase measurements. As ﬂagellin monomers are
in high abundance within the cell we also tested FliC alone at higherTable 2
Summary of the determined kon, koff, and Kd values.
Immobilized
protein
Injected
protein
kon (M−1 s−1) koff (s−1)
FliI FliJ 8.33 ± 1.86 × 103 3.14 ± 0.93 ×
FliHa 2.23 ± 0.85 × 103 6.89 ± 1.15 ×
FliHb 4.46 ± 1.02 × 103 4.81 ± 0.65 ×
FliC
FliC:FliS
Ovalbumin
FliJ FliI 5.21 ± 1.5 × 103 2.08 ± 0.48 ×
FliH
FliC
FliC:FliS
Ovalbumin
FliH FliI 6.87 ± 0.93 × 103 9.82 ± 0.72 ×
FliJ 2.20 ± 0.70 × 104 5.86 ± 1.84 ×
FliC
FliC:FliS
Ovalbumin
Standard deviations of 3 parallel measurements are indicated.
a Measured in a buffer containing 150 mM NaCl.
b Measured in a buffer containing 400 mM NaCl.
c Apparent Kd values were calculated as koff/kon for the 1:1 Langmuir binding, and 1 / (kon/kconcentrations. Up to 30 μM FliC did not have any signiﬁcant effect on
the activity of the FliI–FliJ complex (data not shown).
Next we checked the effect of FliH on the activity of FliI. Adding
FliH to FliI decreased its ATPase activity in accordance with published
data [15], but the extent of inhibition was somewhat lower possibly
due to the different His-tag applied. Adding a large excess of FliC tokon2 (s−1) koff2 (s−1) Kdc (nM)
10−2 1.21 ± 0.10 × 10−2 9.51 ± 1.00 × 10−4 274 ± 108
10−4 – – 309 ± 128
10
−14 – – 108 ± 29
No binding
No binding
No binding
10−2 4.57 ± 0.38 × 10−3 1.78 ± 0.34 × 10−3 1117 ± 470
No binding
No binding
No binding
No binding
10−3 5.44 ± 0.42 × 10−3 2.61 ± 0.55 × 10−3 463 ± 126
10−2 1.29 ± 0.48 × 10−2 2.44 ± 1.55 × 10−3 422 ± 363
No binding
No binding
No binding
off × (1 + kon2/koff2)) for the two-state (conformational change) model.
Fig. 4. The effect of FliJ on the activity of FliI, and the activity of FliI–FliJ in the presence or absence of FliC or FliC:FliS. (A) Adding FliJ to FliI enhances the ATPase activity of FliI in a
concentration dependent manner. The initial slope is lower than that in the later phase, possibly because ATP-induced hexamerization (known to promote activity) in the presence of
FliJ is probably not instantaneous. Protein concentrations are indicated on the panel. (B) Themaximal slopes (multiplied by−1) from panel A were plotted as the function of FliJ concen-
tration, and an EC50 of 253 ± 33 nM was determined for the activity enhancement. The error represents the standard error of the ﬁtting. (C) The ATPase activity of FliI plus FliJ in the
presence or absence of FliC or FliC:FliS shows no signiﬁcant difference. Protein concentrations are indicated on the panel. Activity measurements were carried out as described brieﬂy
in Fig. 1, and in more detail in Materials and methods.
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(Fig. 5A), while adding increasing amounts of FliJ resulted in a sigmoidal
curve with an EC50 value of 723 ± 85 nM (Fig. 5B).
Next we tested whether the full FliI–FliJ–FliH complex is capable of
recognizing ﬂagellin alone or in complex with its chaperone. Two differ-
ent setups were tested. In one FliI, FliJ, and FliH were mixed in a 6:1:2
molar ratio reﬂecting the presumed stoichiometry of theATPase complex.
In the other FliI and FliH were mixed in a 1:2 molar ratio, as a FliH dimer
can bind to a FliI monomer [15], and FliJ was added in 1/6 molar ratio
compared to FliI. Both setups gave essentially the same result. When
FliC (5 μM) or FliC:FliS (5 μM) was added to the FliI–FliH–FliJ complex,
the ATPase activity was practically the same in the presence or absence
of FliC or the FliC:FliS complex. Fig. 5C depicts the results of the ﬁrst
setup. FliC did not cause any signiﬁcant effect on the ATPase activity of
the FliI:FliJ:FliH complex even at 30 μM concentration (data not shown).
3.5. Interactions in the presence of acidic phospholipid liposomes
It is known that FliI, FliJ and FliH have intrinsic membrane afﬁnity
[8,24], and the presence of acidic phospholipids enhances the ATPase
activity of FliI as well as its hexamerization [24], hence we investigated
whether the presence of phospholipids affects ﬂagellin recognition by
the soluble components. We added FliC, FliS or FliC:FliS to FliI in the
presence of polar phospholipid liposomes. Neither of the proteins
caused any signiﬁcant change in the ATPase activity of FliI (Fig. 6A).
Next, we repeated this experiment but instead of FliI we used the
FliI–FliJ complex. Adding FliC to the FliI–FliJ complex in the presence
of liposomes did not affect the ATPase activity (Fig. 6B). Surprisingly,
adding FliS to FliI–FliJ decreased its ATPase activity approximately tohalf of the original, and adding the FliC:FliS complex instead of FliS had
about the same effect as FliS alone (Fig. 6B). FliH (data not shown) had
no inﬂuence on the observed effect caused by FliS.
The results indicate that the observed effect depends on FliS, but not
on FliC, and only FliS is responsible for the activity decrease of the
membrane-bound FliI–FliJ ATPase complex.While there aremanyques-
tions remaining, it seems plausible to assume that FliS promotes disas-
sembly of the membrane-bound ATPase complex to facilitate ﬂagellin
export. A more precise clariﬁcation of the role of FliS requires further
investigations.4. Discussion
Previous reports established that chaperoned minor late substrates
(FlgK, FlgL, FliD) are recognized by FliI or the FliI–FliH complex [7,31],
and this interaction also takes place in theﬂuid phase. Hence the general
view has been that export substrates are delivered from the cytosol to
the export gate by FliI aided by FliH [1–3]. Flagellin (FliC) and also hook
protein (FlgE) were shown to stimulate the ATPase activity of FliI
[32], but others could not reproduce this effect [15], and suggested
that other components, like FliJ, might be required. On the other hand
interactions between FliC and FliI, FliH, or FliJ were detected by afﬁnity
blots [22], and it was implied, although not unambiguously proven, that
FliC is not an exception from the rule, and it is also delivered to the
export gate by the soluble components.
In order to clarify the role of the soluble export components in the
recognition and delivery of the major ﬁlament component, ﬂagellin,
we undertook to thoroughly examine the possible interactions between
Fig. 5. The activity of various FliI complexes with FliH and FliJ, and their activity in the presence or absence of FliC or FliC:FliS. (A) Adding FliH in a two-foldmolar excess to FliI reduced its
activity to approximately half. The molar ratios reﬂect the stoichiometry of the FliI:FliH2 complex [15]. FliC does not signiﬁcantly affect the ATPase activity of FliI plus FliH. Protein
concentrations are indicated on the panel. (B) FliJ at various concentrations (0, 0.16, 0.33, 0.66, 1, 2, 3 μM)was added to amixture of 1 μMFliI and 2 μMFliH. The ATPase activity increased
until it reached a plateau at approximately 3 μM FliJ. Slopes (multiplied by−1) were plotted as the function of FliJ concentration, and an EC50 of 723 ± 85 nM was determined for the
activity enhancement. The error represents the standard error of the ﬁtting. (C) FliI, FliJ and FliH were mixed at a 6:1:2 molar ratio reﬂecting the putative stoichiometry of the functional
complex, and the ATPase activity wasmeasured. Adding FliC or the FliC:FliS complex to the FliI–FliJ–FliHmixture has no effect on the ATPase activity. Protein concentrations are indicated
on the panel. When FliI, FliJ and FliH were tested at other ratios (data not shown), essentially the same results were obtained, i.e. FliC or FliC:FliS did not inﬂuence the activity. Activity
measurements were carried out as described in Fig. 1 and Materials and methods.
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physical (direct) methods.
We have tested the putative enhancement of the ATPase activity of
FliI by FliC in nearly every possible combinations. We found that FliC
alone or its complex with FliS did not inﬂuence the activity of FliI alone,
FliI in complex with FliJ, FliI in complex with FliH, or FliI in complexFig. 6. The activity of FliI and FliI–FliJ in the presence of phospholipids, and their activity in the pr
increases its ATPase activity (see Fig. 1B for comparison). The ATPase activity of FliI in the presen
the FliC:FliS complex. (B) The ATPase activity of FliI–FliJ in the presence of phospholipids (10 μg
activity signiﬁcantly to about half of the original. FliS alone at the same concentration reduc
compared to previous measurements, in order to prolong the time until the substrates are con
out as described in Materials and methods. The reaction was initialized by adding 5 mMMg-Awith both FliJ and FliH. It is important to note that the ATPase activity
of FliI was sensitive to detect all well-established interactions with
the soluble components of the export apparatus. Thus, our activity
measurements strongly suggest the lack of interaction between chape-
roned or unchaperoned ﬂagellin in the ﬂuid phase with FliI-containing
complexes.esence or absence of FliC or FliC:FliS. (A) Adding E. coli polar phospholipid liposomes to FliI
ce of phospholipids (10 μg/mL)was not signiﬁcantly altered by the addition of FliS, FliC or
/mL)was not signiﬁcantly altered by the addition of FliC. The FliC:FliS complex reduced the
ed the activity to the same extent as FliC:FliS. FliI and FliJ concentrations were lowered
sumed, but the FliI–FliJ ratio was kept 6:1 as before. Activity measurements were carried
TP. Protein concentrations are indicated on the panels.
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to check if there is a physical interaction regardless of the ATPase
activity between FliC and any of FliI, or FliJ, or FliH. Again, we could not
detect signiﬁcant binding of FliC or FliC:FliS to immobilized individual
components. QCMmeasurements conﬁrmed that there is no interaction
between FliC or FliC:FliS and the soluble components in the ﬂuid phase.
Thesemeasurements enabled us to determine the strength of the interac-
tions between pairs of the soluble components of the export apparatus
(Table 2). Particularly interesting is the FliI–FliJ interaction where the
determined EC50 value based on the activity assay and the Kd value
obtained by QCM on the FliI chip are nearly identical.
Our results imply that the soluble components of the export
apparatus, FliI, FliJ, FliH, and their complexes do not bind FliC or FliC:
FliS in the cytosol, hence they do not deliver ﬂagellin to the membrane-
embedded export machinery, however, we cannot exclude the possi-
bility that they facilitate translocation of ﬂagellin at the export gate.
It is noteworthy that FliS or FliC:FliS decreased the ATPase activity of
FliI–FliJ but only in the presence of liposomes. Based on this observation
it seems plausible that FliS promotes the disassembly of themembrane-
bound ATPase complex, however it requires further experiments to
clarify the role of FliS in this scenario. Interestingly FliS might have a
role in the transcriptional regulation ofﬂagellin aswell, since FliS interacts
with the anti-sigma factor FlgM, which inhibits FliA, a ﬂagellar-speciﬁc
sigma factor [43].
Based on our results it is presumable that ﬂagellin is exported by a
different mechanism than the other three late substrates. Minor late
substrates (FlgK, FlgL, FliD) are built into the ﬁlament in well-deﬁned,
low copy numbers. Hook–ﬁlament junction proteins (FlgK, FlgL) are
found in 11 copies each, and the ﬁlament capping protein (FliD) forms
a pentameric complex at the tip [2,44]. All these three components
are required for the assembly of the ﬂagellum, and their export must
precede the export of the high abundance ﬂagellin, which has a copy
number of about 20,000 [44]. It seems plausible that chaperoned
minor late substrates require a facilitated delivery by the soluble export
components in order to compensate for their low concentration and
ensure that they are exported before FliC [45]. Evans et al. [8] had a
similar conclusion based on their observation that FliJ escorts chaper-
ones for the minor ﬁlament components, but not for ﬂagellin. Recently,
from a different aspect, Bange et al. [46] proposed a mechanism by
which the ﬂagellar T3SS switches from the stoichiometric export of
FliD to the high-throughput export of ﬂagellin, emphasizing the role of
FliJ in the stoichiometric export. Images of Salmonella deﬁcient for all
FliI, FliH, and FliJ (ΔﬂiHIJ) showed rare ﬂagellation (b1%) [18], but the
length of the occasionally formed ﬂagella seemed to be normal. This
observation can be explained that without aided delivery, minor late
components are exported only rarely by chance, but once these structural
components are in place,mass export of ﬂagellin occurs almost normally,
probably by simple diffusion, without the need for the soluble export
components.
In all, the lack of interaction in the ﬂuid phase between FliC or FliC:
FliS with the soluble export components indicates that these compo-
nents do not deliver ﬂagellin to the export gate, and our observations
combined with recent studies suggest that the mechanism for the mass
export of ﬂagellin is different from the aided delivery of minor late
substrates.
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